Objective: The effect of thalamic degeneration in patients with spinocerebellar ataxias (SCA) and sleep spindle (SS) abnormalities has not been studied so far, although there is a strong association between these disorders. This study was done to evaluate and compare the SS densities (SSDs) of genetically proven autosomal dominant SCA1, SCA2 and SCA3 patients with controls. Methods: Prospectively and genetically confirmed cases of SCA and controls were recruited. Patients were assessed clinically, were evaluated with sleep questionnaires and an overnight polysomnography was performed. SSDs were analyzed using neuroloop gain plugin of Polyman version 1.15 software. Results: Eighteen patients of SCA1 (n = 6), SCA2 (n = 5), SCA3 (n = 7) and 6 controls were recruited in our study. The mean age of SCA1 patients was 39.2 ± 5.4, of SCA2 patients was 30.8 ± 9.5 and of SCA3 patients was 35.4 ± 6.4 years. The mean duration of illness in SCA1 was 4.7 ± 1.7 years, in SCA2 it was 4.3 ± 4.4 years and in SCA3 it was 5 ± 2.3 years. The median SSD values (percentage loop gain) during stage 2 of non-rapid eye movement sleep were 16.9% in SCA1, 0% in SCA2, 1.2% in SCA3 and 59.5% in controls. There was a significant difference in SSD values in SCA2 (p = 0.04), SCA3 (p = 0.02) patients and controls. Conclusion: SSDs were significantly decreased in patients with SCA, which is a novel finding. This is likely due to the "thalamic switch" disruption, observed as reduced SSDs in SCA2 and SCA3. Sleep spindle deficits could act as one of the biomarkers of ongoing neurodegeneration in the thalamic circuitry of SCA patients.
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Introduction
Spinocerebellar ataxias (SCA) are a group of hereditary ataxias characterized by varying dysfunctions of the brain stem and cerebellum. They are caused by the expansion of Cytosine, Adenosine and Guanine (CAG) repeats.
Patients with SCAs present with dysarthria, pyramidal signs, oculomotor and spinal cord symptoms in addition to cerebellar manifestations, gradual deterioration of bulbar functions, slow saccadic eye movements and in some patients, ophthalmoparesis or parkinsonism [1] [2] [3] [4] . SCA3 or Machado Joseph syndrome is the most common SCA that is recognized worldwide [5] . These disorders have many non-motor symptoms, which include sleep disturbances like REM sleep behavior disorder and restless leg syndrome periodic limb movements, abnormal motor control during sleep, REM sleep without atonia, insomnia and fragmentation of sleep.
Among all SCAs, sleep disorders were most commonly seen in SCA3. Most common sleep disorders seen in SCA3 were REM sleep behavior disorder, restless leg syndrome, insomnia, excessive day time sleepiness, excessive fragmentary myoclonus and others [6] [7] [8] .
Degeneration of the thalamus to a varying extent is present in both SCA2 and SCA3 [9] . Thalamus and cerebral cortex have a crucial role to play in the expression of the most significant behavioral and bioelectric events of non-rapid eye movement (NREM) sleep along with other structures like basal forebrain, cerebellum and caudal brain stem [10] .
Sleep spindles are distinctive electroencephalography (EEG) oscillations originating during the NREM stage. Spindles are seen in the EEG as sinusoidal waves with frequency in the range of 11-16 Hz. Spindle generating neuronal circuits are present in the intrathalamic network of nucleus reticularis thalami and thalamocortical cells. These circuits said to have a multitude of functions like maintenance of sleep quality and arousal threshold, cellular plasticity, and memory consolidation [10] . GABA currents generate the spindles during development.
Analytical methods including visual and automated for SS densities (SSDs) are variable and there is no gold standard as of now [11, 12] . It is known that the generation of sleep spindles affected by age, cognition and sleep related issues like sleep deprivation, wake-fullness state and many other non-sleep related factors like artefacts, anatomy and external neuronal drive, and electrode distance affects the spindle amplitudes. Neuro-loop analysis specifically measures only the sleep-related loop gain, independent of the amplitude of the rhythms [13] [14] [15] .
This study was conducted to study and compare the sleep spindle densities of genetically proven SCA1, SCA2 and SCA3 patients. The hypothesis of the study was that the thalamic degeneration in SCA leads to thalamic switch disruption, which would cause reduced sleep spindle density, as thalamo cortical integrity is essential for the formation of sleep spindles.
Methodology
Patients were recruited from the department of Neurology, National Institute of Mental Health and Neurosciences, Bangalore, after detailed clinical evaluation. Suspected cases of autosomal dominant SCA were tested for SCA1, SCA2 and SCA3 genetics. Eighteen genetically positive SCA1, SCA2 and SCA3 were recruited for the study. The severity of disease was assessed by the International Cooperative ataxia Rating Scale. Subjects who were on medications that affect sleep like antipsychotics, antidepressants and benzodiazapines were excluded. Age-and gender-matched controls were recruited. The presence of any movement disorder, dementia, chronic disease, alcoholism, other medical co-morbidities and medications that may affect sleep in the controls were excluded. All the patients and controls underwent overnight polysomnography after informed consent. Ethical clearance was obtained from the institutional review board.
Polysomnographic recordings were performed using the GalileoMizar-40 video-EEG system (E.B. Neuro, Italy) which has 40 channels digitized with a resolution of 24 bits and sampling rate of 1,024 Hz, a band pass filter of 0.1-500 Hz and no notch filters. Eleven monopolar paste-based silver disc electrodes (Grass Products, Natus Neurology, Warwick, USA) for EEG, 2 monopolar silver disc electrodes for electro-oculogram, and 2 silver disc electrodes for electro-myogram. EEG electrodes were positioned at F3, F4, C3, Cz, C4, P3, P4, T3, T4, O1 and O2 in accordance with the 10-20 international system for electrode placement. Electrodes placed bilaterally on the mastoid area (M1 and M2) were used as reference during offline analysis. All electrodes were paste-based silver disc electrodes (Grass Products, Natus Neurology, Warwick, USA). Impedance for all electrodes was ensured to be between 5 and 10 KΩ before starting acquisition.
Sleep scoring was done manually as per the American academy of sleep medicine guidelines, 2014, using Polyman software (Polyman-version 1.15, www.edfinfo.org). Sleep stage scoring was done by three different sleep experts who were blinded and these scores were used to prepare a consensus scoring.
EEG recordings in EDF format were used to analyze sleep spindle densities in Polyman software. The spindle densities were studied using the Neuroloop gain plugin of Polyman software. It was further analyzed using custom scripts written in MATLAB software (MATLAB-2013a, Mathworks, USA). For calculation of sleep spindle densities by neuroloop gain analysis or microcontinuity analysis, raw sleep EEG data from one of the central electrodes (C3/C4) referenced to opposite mastoid were used. Neuroloop-gain is a measure of micro-continuity of sleep-related delta and spindle oscillation, and is independent of the amplitude of EEG rhythms [15] .
In this study, mean sleep spindle densities were analyzed automatically using Polyman version 1.15, neuroloop plugin. They were averaged across the NREM sleep using custom scripts written in MATLAB-2013a.
Statistical Analysis
Data expressed as median, mean, standard deviation for continuous variables and frequency, percentages for categorical variables was used. Kruskal-Wallis test was used to compare the SSDs of three SCA groups and controls. Pairwise comparison was done using post hoc Mann-Whitney U test with Bonferroni correction. Significance was taken as p < 0.05. Correlation between SSD and other variables was done using Spearman correlation. Partial correlation test was done to rule out the effect of confounding factors.
Results
Eighteen patients of SCA1 (n = 6), SCA2 (n = 5) and SCA3 (n = 7) were recruited for this study in addition to 6 controls. The mean age of SCA1 patients was 39. 17 (Fig. 1 ). There was a significant difference in sleep spindle density values between SCA2 (p = 0.04), SCA3 (p = 0.02) patients and controls. However, SSD values between SCA1 and controls showed a decreasing trend (p = 0.052).
There was no significant difference in SSD values between SCA1, SCA2 and SCA3 patients (SCA1 vs. SCA2 
Discussion
Thalamic integrity plays a very important role in the proper functioning of various circuits like occulomotor, somatomotor and cerebellothalamocortical circuits. Various symptoms of SCA types 2 and 3 like gait, limb and truncal ataxia, frequent falls, dysarthria, saccadic disturbances and executive dysfunction attribute to the involvement of re-entrant circuits, which need thalamic integrity [9] . Silva et al. [16] evaluated 47 genetically proven cases of SCA 3 by polysomnographic studies and compared the results of these studies with those of the controls. They had reported significantly higher frequency of arousals from slow wave sleep to higher parasomnia complaints like confusional arousal/sleep terrors, higher REM sleep without atonia and more periodic limb movements of sleep. They showed that NREM parasomnias are significantly present in SCA3 [16] . However, our study was conducted only to study the SSD, hence Parasomnias could not be evaluated. Sensitive neuropsychological tests revealed deficits in abstraction, visual attention, verbal fluency, cognitive switching and in the shifting attentional behavior [17, 18] . The clinical presentations of SCA2 and SCA3 were anatomically matched to the respective thalamic nuclei involvement by Rüb et al. [9] and showed the role of thalamus in various clinical manifestations. This study strengthened the role of thalamus in the pathogenesis of SCA2 and SCA3.
GABA receptors in the thalamus were shown to induce thalamic reticular nucleus neuron depolarization responsible for spindle burst generation. So, GABA currents play a pivot role in spindle generation. Previous imaging studies in Machado Joseph disease have revealed decreased GABAergic function in cortex, thalamus, striatum and cerebellum when compared to controls. The benzodiazapine receptor binding potential in cortex and thalamus was found to be decreased in these patients [19] . The decreased SSDs observed in our patients can be due to the GABAergic dysfunction in these patients caused due to thalamic degeneration.
Sleep studies in various trinucleotides had repeat disorders: Huntington's disease is CAG repeat disorder. Sleep pattern was found to be normal in patients of Huntington's disease when compared to controls and SSDs were significantly increased in these patients [20] . Piano et al. [21] had documented fragmented sleep, increased periodic limb movements, sleep apnea and daytime sleepiness in Huntington's disease. An example of a non-motor symptom is sleep disturbance with disrupted circadian rhythm and cognitive decline is commonly found in Huntington's disease. This might be due to the dysfunction of hypothalamus and limbic structures whose interconnections help in the maintenance of sleep, emotion and metabolism [22] . Thalamo-cortical circuitry dysfunction and thalamic atrophy were also reported in some studies and it was shown to covary with cognitive decline in Huntington's disease. Further studies are required to understand the correlation between thalamic volumes and sleep spindle density in these patients [23] .
Friedreich's ataxia (GAA repeat disorder) patients were found to have increased prevalence of sleep disordered breathing and restless legs syndrome [24, 25] . Myotonic dystrophy is CTG trinucleotide repeat disorder. Several sleep disturbances like excessive day time sleepiness, sleep apneas, periodic leg movements during sleep, rapid eye movement sleep dysregulation, fatigue and hypersomnia were reported [26] . Myotonic dystrophy type 2 patients present with various sleep problems like sleep disordered breathing, restless legs syndrome, fatigue, in- somnia and day time sleepiness [27, 28] . Studies on SSDs are lacking in these disorders.
In our study, sleep spindle densities were found to be decreased in SCA2 and SCA3 patients. This clearly shows the disruption of thalamocortical circuitry responsible for spindle generation.
SSDs did not correlate to age, duration of illness, severity of illness, CAG repeat length. This shows that the neurodegenerative process during certain point of time might involve the sleep spindle pacemaker, which is independent of the factors regulating the disease but the pathology itself. However, it has to be confirmed in a larger cohort.
Sleep spindle studies in other neurodegenerative diseases: sleep spindles are considered biomarkers of the ongoing neurodegeneration. Patients with Parkinson's disease (PD) have decreased sleep spindle densities and altered spindle characteristics when compared to controls [29] . It was found that patients with PD have a lower sleep spindle density compared to age-and gender-matched controls. According to Braak et al. [30] , the neurodegenerative process in PD shows a progressive ascending course, which starts from the brain stem and spreads to other brain structures. At some point of time, the neurodegeneration may affect the SS generator of the thalamus, resulting in fewer or no spindles. Strikingly, it was found that medial thalamotomy abolishes spindle activity in N2 sleep systematically but that pallidothalamic tractotomy attenuates spindle activity only to a varying degree, with spindles reemerging after 3 months. It is therefore likely that the neurodegenerative involvement of prethalamic fibers from the brain stem may affect spindle activity to a certain degree [31] . Christensen et al. [29] has proposed sleep spindles as one of the biomarkers of ongoing neurodegeneration in PD. Substantial decrease in sleep spindles is seen in patients of progressive supranuclear palsy as compared to controls [32] . Alzheimer's disease patients have hippocampal alterations and reduction in sleep spindles. Sleep spindles were in turn correlated with the learning ability in these patients
Limitations and Strengths of Our Study
The limitation of our study was the small sample size and lack of neuropsychological scores because SSD has been associated with cognitive deficits. However, considering the rarity of these disorders, this is a satisfactory number. This is probably the first study to evaluate the SSD abnormalities in patients with SCA. Our study shows a cortico-thalamic dysfunction in the form of reduced sleep spindle densities in SCA2 and SCA3 patients. This is a novel finding in SCA patients, but the pathophysiology could be due to GABA deficits as seen in other disorders.
Conclusions
Sleep spindle deficits could act as one of the biomarkers of ongoing neurodegeneration in the thalamic circuitry of SCA patients, but this observation needs to be validated in larger studies. The predilection of sleep spindle generator involvement in various neurodegenerative diseases can be highlighted. Further imaging studies may help to strengthen the relation between sleep spindle density values and cortico-thalamic involvement in SCA patients.
